Olivine-type LiMnPO 4 has been extensively investigated as a promising cathode material for the nextgeneration high performance Li-ion batteries due to its high working voltage (4.1 V vs Li + /Li) and high theoretical specific capacity (170 mAh g −1 ). However, poor cycling performance at elevated temperature hinders its practical application. Here carbon coating and Fe-Mg co-substitution of LiMnPO 4 is attempted by a facile solid-state process. To substitute the smaller Fe 2+ ions and Mg 2+ ions for the larger Mn 2+ ions strengthens the Mn-O bond, which makes the structure of LiMnPO 4 more stable. Hence, Mn dissolution in the electrolyte is retrained. The obtained LiMn 0.9 Fe 0.09 Mg 0.01 PO 4 /C material presents a high discharge capacity (160 mAh g −1 at 0.1 C) and excellent cycling performance at elevated temperature. Even at a high rate of 1 C, it delivers a capacity of about 135 mAh g −1 at 50 °C without capacity fade after 120 cycles.
INTRODUCTION
Since the original work of Goodenough Group [1] was published in 1997, olivine-type compounds LiMPO 4 (M = Mn, Fe, Co, Ni) have been investigated extensively as promising cathode materials for lithium-ion batteries [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Among these compounds, LiFePO 4 has been successfully applied in commercial industry [13] . Inspired by the success of LiFePO 4 , LiMnPO 4 has attracted considerable attention in recent years owing to its high Li + intercalation potential of 4.1 V versus Li + /Li. Unfortunately, LiMnPO 4 material suffers from low electrochemical activity and poor cycling stability. The low electrochemical activity is attributed to the poor intrinsic electronic conductivity and sluggish Li + ion diffusion kinetics [14] [15] [16] . The poor cycling stability arises from Jahn-Teller distortions in delithiated phase MnPO 4 and the disolution of Mn in electrolyte [17] [18] [19] . During the past two decades, significant efforts have been made to improve LiMnPO 4 material [5] [6] [7] [8] [9] [10] [11] [12] . The electrochemical performance of this material was enhanced by conductive additive coating [19] [20] [21] [22] , particle size reduction [23] [24] [25] [26] [27] and cation doping or subsitution [28] [29] [30] [31] [32] [33] . Nowadays, LiMnPO 4 -based compounds can achieve nearly theoretical capacity and good high rate capability even at 10 C through optimized synthesis procedures [26] [27] [28] . However, capacity fading was still observed for LiMnPO 4 composites after full charge/discharge cycles [26, 34] , especially at elevated temperature [19, [35] [36] [37] [38] [39] [40] . The main reason is due to Mn ion dissolution in electrolyte and Jahn-Teller effect leading to the structure change like LiMn 2 O 4 spinel [41, 42] . There is very little report on improving the electrochemical performance of LiMnPO 4 at elevated temperature, which has been remaining as a challenge for its practical application.
In this work, we tried to prepare a carbon-coated and Fe-Mg co-substituted LiMn 0.9 Fe 0.09 Mg 0.01 PO 4 /C by a simple solid-state method, and the primary results show that its electrochemical performance at 50 o C is markedly improved.
EXPERIMENTAL
Carbon coated LiMnPO 4 (LMP) and LiMn 0.9 Fe 0.09 Mg 0.01 PO 4 (Fe-Mg) were synthesized by a simple solid-state reaction based on our previous reports [33, 43] Cathode was made by mixing active material, conductive carbon black (Super P, Timcal) and polyvinylidene fluoride (PVDF, Atofina) in a weight ratio of 8:1:1. The electrodes were assembled into 2016 coin-type cells using Li metal foil as the counter electrode and reference electrode, Teklon separator (UH20140, Entek) and liquid electrolyte containing 1 M LiPF6 in a mixed solvent of EC/DMC/EMC by weight 1: 1: 1 (LB-315, Guotai-Huarong). These cells were charge at 0.1 C (1 C = 150 mA g −1 ) to 4.6 V, and then discharged to 2.5 V with the same rate. Cyclic voltammetry (CV)
curves were recorded at 0.2 mV s −1 from 2.0 to 4.8 V. Electrochemical impedance spectroscopy (EIS) was carried out in a frequency range from 0.1 Hz to 100 kHz with an AC signal of 5 mV. All electrochemical tests were performed at room temperature (RT)or at 50 °C in the oven. After 50 cycles, the half cells were disassembled and soaked in acetone for 24 h to detect the dissolution of Mn using inductively coupled plasma optical emission spectrometry (ICP, Hitachi P-4010). Electrochemical behavior of the pristine and the Fe-Mg co-doped LiMnPO 4 was investigated by cyclic voltammetry at room temperature (RT) and at 50 °C, respectively. As shown in Figure 2 , all samples present the anodic peaks and cathodic peaks of typical LiMnPO 4 as the cells were scanned 3 cycles from 2.0 to 4.8 V at 0.2 mV s −1 . At the first cycle, the broadening of anodic peaks suggest the formation of passivation layers of electrode surface for both samples tested at room temperature (Figure 2a&c ), which become strong and sharp in the following two cycles. Sharp and symmetric redox peaks demonstrate high reversibility of the two samples at room temperature. However, at elevated temperature of 50 °C, the anodic peak including multi-oxidation peaks (Figure 2b ) is attributed to the side reactions implying that the electrode of LiMnPO 4 /C was faded upon cycling. At the same condition, LiMn 0.9 Fe 0.09 Mg 0.01 PO 4 /C exhibits good reversibility and the polarization is very weak (Figure 2d ) due to the enhancement of electrochemical kinetics. To study the cycling performance of unsubstituted and Fe-Mg co-substituted LiMnPO 4 at elevated temperature, galvanostatic charge/discharge measurements were carried out at 50 °C between 4.6 and 2.5 V with 0.1 C. For comparison, both of the samples were also tested at room temperature. Figure 3a gives the charge/discharge curves of unsubstituted and Fe-Mg co-substituted LiMnPO 4 at room temperature and at 50 °C. Fe-Mg co-substituted sample presents a very flat redox potential at ~4.1 V and a short potential at ~3. The polarization decreased obviously as the test temperature increased, indicating an enhancement of electrochemical activity on unsubstituted and Fe-Mg co-substituted LiMnPO 4 . This is proved by the electrochemical impedance spectra in Figure 3c . Although high discharged capacities were obtained at elevated temperature, low columbic efficiency was also found from Figure 3a . Even the charge specific capacity is higher than the theoretical specific capacity of 171 mAh g −1 for the Fe-Mg cosubstituted sample tested at 50 °C. Similar behavior was reported by the other groups [26, 46] , ascribed to the side reactions or the passivation phenomena on electrode surface. Figure 3b shows the cycling performance of unsubstituted and Fe-Mg co-substituted LiMnPO 4 at 0.1 C. The two samples delivered higher capacity when the working temperature increased from room temperature to 50 °C. The initial discharge capacity increased from 83.4 to 113.7 mAh g −1 for
RESULTS AND DISCUSSION
LiMnPO 4 /C, which remained the capacity after 50 cycles at room temperature but not at 50 °C where the capacity faded rapidly to only 51% of the initial capacity. The capacity loss of LiMnPO 4 /C was attributed to Jahn-Teller effect caused by Mn 3+ and Mn dissolution in the electrolyte which is more serious at elevated temperature [6, 19] . However, Fe-Mg co-substituted sample remains high discharge capacity and good cycling performance whether at room temperature or at elevated temperature. The discharge capacity of LiMn 0.9 Fe 0.09 Mg 0.01 PO 4 /C was above 150 mAh g −1 after 50 full charge/discharge cycles at 50 °C and the capacity loss was less than 5%. The inductive effect leads to the strengthening of Mn-O bond and Mn ion is bound to the crystal lattice restraining the corrosion and dissolution of electrodes in electrolyte. In order to confirm the Mn dissolution in electrolyte, the half cells finished 50 cycles at 50 °C were disassembled and soaked in acetone for 24 h to detect the content of Mn using ICP. Figure 3d . In the high charge and discharge rate of 1 C, it ketp the capacity of ~135 mAh g −1 during 120 cycles without capacity fade. The above results suggest that Fe-Mg co-substitution improved the cycling stability of LiMnPO 4 even at elevated temperature. The inductive effect leads to the strengthening of Mn-O bond and Mn ion is bound to the crystal lattice restraining the corrosion and dissolution of electrodes in electrolyte. Additionally, the introduction of Fe and Mg ion dilutes the Jahn-Teller distortion of Mn 3+ [47] and electrochemical inactivity of Mg 2+ remains unchanged during Li + insertion/extraction process that makes olivine structure more stable.
CONCLUSIONS
The cycling stability of LiMnPO 4 at elevated temperature is Enhanced by Fe-Mg cosubstitution. Fe-Mg co-substituted LiMnPO 4 generates M-O-P (M = Mn, Fe and Mg) inductive effect leading to the strengthening of Mn-O bond. It is restrained the Mn dissolutione in electrolyte by ICP analysis. Charge/discharge and cyclic voltammetry tests prove that Fe-Mg co-substitution improves the cycling stability of LiMnPO 4 at elevated temperature. No capacity loss is found after 120 cycles for LiMn 0.9 Fe 0.09 Mg 0.01 PO 4 /C tested at 50 °C. This paves a way to make LiMnPO 4 towards to practical application.
